Observations of Zeeman tansitions in Rb87 vapor can be used to make accurate measurements of the earth's magnetic field provided that the resonance lines are narrow enough so that the separate components of the transitions are resolved. However, the resulting relatively low signal-to-noise ratio makes it difficult to follow rapid chages in the field. Self-oscillating magnetometers have rapid response to magnetic field changes and high sensitivity, but poor long-term stability.
The advantages of both approaches can be obtained with a compound magnetometer in which a self-oscillating magnetometer is locked with a long time constant to a narrow and well-resolved Zeeman transition.
We designed and built two prototype optically pumped Rb87 magnetometers of this kind, and carried out a stability test on them.
Half-hour means of the magnetic field difference between the two were obtained for a period of nine and a half days. During this time local magnetic field activity ranged from quiet to disturbed and a sudden commencement occurred. The standard deviation of the individual half-hour difference
Introduction
For several kinds of geomagnetic investigations, highly accurate measurements of differential field changes over distances of kilometers or longer and over periods of hours, days, or months is a prerequisite. Such investigations include, 1) the search for field changes that may be associated with fault movements (STACEY, 1962; BREINER 1963; BREINER and KOVACH, 1967; , 2) investigation of piezomagnetic effects associated with changes in the state of stress within geological structures (WILSON, 1922; BARSUKOV and SKOVORODKIN, 1969; HASBROUCK, private communication, 1969) , and 3) measurement of the decorrelation of magnetic field variations at nearby locations due to differences in geology or other effects (STACEY and WESTCOTT, 1965; MOSNIER, 1966; RIKITAKE et al., 1967 OSGOOD, 1970) . So far proton-free-precession magnetometers, optically pumped rubidium vapor magnetometers with very narrow lines (UNTERBERGER, 1960) , and the optically pumped potassium vapor magnetometers developed in France by MOSNIER (1966) have come closest to filling the need for high accuracy. In this paper we will describe work that was aimed at obtaining an nanotesla =10 microgauss), Potassium was not chosen for this work because there was more experience available in the operation of rubidium magnetometers.
A number of review articles have discussed optically pumped alkali vapor magnetometers (BENDER, 1960; BLOOM, 1962; GRIVET and MALNAR, 1967; MEILLEROUX, 1970; NEss, 1970) .
Magnetic field measurements can be made by observing Zeeman transitions in Rb87 vapor using Dehmelt's method (DEHMELT, 1957a; SKILLMAN . and BENDER, 1958) . Circularly polarized Rb resonance light at 7947.6 A travels along the magnetic field direction through a cell containing Rb87 vapor and a buffer gas, and causes the orientation of some of the Rb87 atoms along the field direction. A radio-frequency oscillating magnetic field (RF field) perpendicular to the earth's field causes transitions between the magnetic sublevels of the Rb87 ground state if the frequency matches that of one of the Zeeman transitions.
The resulting change in the sublevel populations causes a change, which can be observed, in the light transmitted through the cell. The positions of the Rb87 Zeeman components in F=2 and F=1 are the transitions within the upper and lower hyperfine sublevels, respectively, and the splittings within the groups are the so-called second-order splittings which vary quadratically with the magnetic field.
If the Rb87 relaxation time is long enough, the light intensity and RF field intensity weak enough, and the magnetic field homogeneous enough, the separate components of the Zeeman transitions can be resolved. The expected change in transmitted light as a function of applied frequency under these conditions for the upper hyperfine sublevels is similar to that shown schematically in Fig. 1b .
By locking an oscillator to the center of one of the larger peaks, one obtains what we will refer to as a Narrow Line Magnetometer (NLM resonance lines, without including the oscillator and means for locking it to a line, will be called a Narrow Line Reference device (NLR). UNTERBERGER (1960, and private communication, 1971 ) has previously reported high-sensitivity magnetic field measurements using an oscillator locked to resolved Rb87 Zeeman transitions. A similar technique has been used by MOSNIER (1966) for potassium vapor, where the second-order splittings are much larger.
We constructed two prototype Narrow Line Magnetometers each using a Rb87 Self-Oscillating Magnetometer (SOM) as the oscillator to be locked to the Narrow Line Reference device. The NLR has a relatively poor signal-to-noise ratio because the light intensity and RF power have to be kept low in order to resolve the second-order splittings. Thus a normal oscillator locked to it with a short time constant will be somewhat noisy. If a long time constant is used the response will be rather slow, and systematic errors depending on the rate and direction of drift of the field can occur. However, the SOM follows rapid variations in the field very well, and it needs correction only with a long time constant in order to compensate for drifts caused by temperature changes or other effects (see Section 8). The combination of the SOM with the NLR thus can give both a rapid response and high accuracy. Each Narrow Line Magnetometer is divided physically into three parts which can be located at quite large distances from each other to reduce magnetic field contamination problems. These are : (A) the sensor unit containing the Narrow Line Reference device, the main part of the SelfOscillating Magnetometer, and the heaters for controlling the temperature, (B) the amplifier unit containing the preamplifier for the NLR signal and the preamplifier and phase-shifting amplifier for the SOM, and (C) the control electronics unit containing the servosystem for locking the SOM to one of the NLR resonance lines, the power supplies, and the heater control unit. A block diagram of the NLM is given in Fig. 2 . The separate units are described in the next three sections, and the constants needed for accurate absolute magnetic field measurements with Rb87 Narrow Line Magnetometers are given in Section 5. The Narrow Line Reference device and its location with respect to the rest of the sensor unit is shown in Fig. 3 . It yields a group of resolved narrow resonance-absorption peaks whose frequencies are accurately known as functions of ambient magnetic field and atomic constants. This type of magnetometer was used in early experiments to measure the earth's field (SKILLMAN and BENDER, 1958; UNTERBERGER, 1960) and to determine the g-factor ratio of Rb87 and protons (BENDER, 1962) . The latter experiment employed a combined magnetometer configuration similar to that used in the NLM, but with the locking together of the SOM and NLR done by manual adjustments.
Optical pumping light for the NLR is generated by a stable spectral lamp which excites an electrodeless bulb filled with a mixture of natural rubidium and krypton as a striking gas (BELL et al., 1961) . The lamp is lacated about 50 cm from the absorption cell to minimize stray magnetic fields.
The emitted light is filtered to pass only the strong D1-line at 7947.6 A. It is circularly polarized and transmitted either parallel or antiparallel to the local geomagnetic field vector. The light is then passed through an absorption cell containing Rb8' and neon or helium as the buffer gas, and is focused upon a 1-cm-square silicon photo-detector which provides an output voltage proportional to the intensity of the transmitted light. The absorption cell is cylindrical, 10 cm in diameter by 10 cm in length, and has a roughly 2-cm diameter spot of Rb$' on one side. The buffer gas pressure is 3 Torr of neon in one NLM and 6 Torr of neon in the other.
Two sets of Helmholtz coils enclose the NLR absorption cell. One set is coaxial with the field-aligned optical axis and carries a weak oscillating current which superposes a modulating magnetic field upon the local total field vector. The second set is orthogonal to the optical axis and carries a weak externally generated radio-frequency (RF) signal at roughly the Larmor frequency.
When the filtered and polarized D1-light is absorbed by the rubidium atoms in the cell and they reradiate the absorbed energy, a selective redistribution occurs between the different possible magnetic sublevels of the ground state. The absorption coefficient for the filtered and polarized light depends on the magnetic sublevel populations. As transitions are caused by the RF field, the intensity of the transmitted light changes.
If a low-frequency modulation (5 Hz) is superposed on the ambient magnetic field, then tuning the external RF field to the center of one of the Zeeman components produces a modulated voltage output from the NLR photodetector at double the applied low frequency (see Fig. 4a ). Offsetting the RF field slightly to the high-frequency side of the line center gives an error signal at and roughly in phase with the modulation frequency (Fig.  4b) . If the RF field is offset to the low-frequency side, the signal will have roughly the opposite phase (Fig. 4c) . Thus the phase of the photocell signal determines whether the SOM frequency has to be increased or decreased in order to get back onto the center of the NLR resonance line.
In order to obtain well-resolved narrow resonance lines, it is necessary to keep the RF field strength, pumping light intensity, and relaxation rate low. The RF field strength should be a few r or less, and the light intensity should be low enough so that the photon absorption rate for atoms in the sub-levels is roughly 10 or 20 per second. A check on this intensity can be monitored by keeping other factors unchanged while inserting neutral density filters between the NLR lamp and absorption cell. The buffer gas pressure in the sample should be high enough so that relaxation due to hitting the walls is slow. Neon or helium are desirable for the buffer gas in order to minimize collisional relaxation.
In addition, unless a wallcoated cell without buffer gas is used, the magnetic field gradient across the
Self Oscillating Magnetometer
The Self Oscillating Magnetometer in the NLM sensor unit provides the source of RF current to the NLR coil and produces a continuous and easily monitored signal which varies in direct proportion to changes in the ambient magnetic field. SOM's have been widely described in the literature (DEHMELT, 1957b; BELL and BLOOM, 1957; BLOOM, 1962; PARSONS and WIATR, 1962; USHER et al., 1964; FARTHING and FOLZ, 1967; LEDLEY, 1970; NESS, 1970) .
The components of the SOM are similar to those of the NLR (Fig. 3) . A 5-cm diameter and 5-cm long absorption cell is used. RF current is transmitted into a coaxial solenoid around the SOM absorption cell with in series in order to increase the high-frequency response.
The output voltage from the photodetector matrix is modulated at the Larmor
The RF current fed back in the SOM loop is also attenuated and supplied to the orthogonal set of RF coils on either side of the NLR may be added to the RF current supplied to the SOM solenoid to shift the field inside the coil and bring the output frequency of the SOM into correspondence with one of the NLR Zeeman components. Any subsequent drift of the SOM frequency relative to the chosen reference line is detected and compensated for by the control electronics.
Heaters
In order to maintain the proper Rb vapor pressure within the magnetometer absorption cells and to keep the Rb lamps stable, it is desirable to unit. The three nonmagnetic heaters located at the bottom of the sensor unit are copper tubes wrapped with asbestos cloth about which is wound 32 copper wire to carry the roughly 500 Hz heater power. Each heater winding consists of a 70-ft-long wire doubled over and then tightly twisted to minimize the magnetic field. A thin aluminum shell lined with plastic insulation is placed over the sensor unit to reduce the required heater power. Different insulating shells are available for use at different times of year.
The aluminum walls of the sensor units (3-mm thick on the sides) were expected to help in producing a fairly uniform internal temperature distribution. However, it was found after testing that the temperature varied considerably from point to point within the sensor units. Even though a thermometer placed above the NLR absorption cell near the thermistor in the lower part of the apparatus, but apparently the cell and its surrounding holder and coils cut down the heat flow to the top part.
If 
Amplifier Unit
The SOM photocell output signal is fed through about 12 m of cable to a 390 kHz preamplifier located in the amplifier unit. A small variable inductance was placed across the preamplifier input to tune out the cable capacity.
The signal then goes to the main amplifier where it is amplified to the saturation level and filtered so that the output amplitude is nearly independent of the input level. Provision is also made for phase-shifting the output by an arbitrary angle before it is sent back to the sensor unit. The other subsystem in the amplifier unit is the low-noise lowfrequency preamplifier for the NLR photocell output signal. So far, in order to obtain the best signal-to-noise ratio at 5 Hz, it has been necessary to use transformer coupling into the preamplifier. The transformer input inductance is 120 H and the turns ratio is 1: 8. The preamplifier uses a 2N 4867A transistor as its input stage. Because of the magnetism of the transformer, the amplifier unit must be located at a fairly large distance from the sensor unit when absolute field measurements are to be made.
Control Electronics Unit
The main part of the control electronics unit is the servosystem which automatically keeps the SOM frequency locked to the center of one of the NLR lines. An oscillator in the servounit produces a 5 Hz low-frequency modulating current which is sent out to the modulation coils around the absorption cell in the NLR device. The resulting error signal at the modulation frequency from the NLR photocell is sent via the low-frequency preamplifier to the servosystem.
Here it is amplified, filtered with a Q of about 2, and then synchronously detected. The time-average signal voltage at this point has one sign if the SOM frequency is too high, the other sign if it is too low, and the magnitude of the voltage depends on how far the SOM frequency is from the line center. The synchronous detector output is then integrated with a roughly 104 sec time constant integrator, and the output current is fed to the SOM to correct its frequency.
With a do loop gain of 103, the effective response time of the servosystem is about 10 sec. The 103 loop gain is enough to permit comThe most likely points at which thermal sensitivity can affect the electronics are in the synchronous detector output and in the integrator. This is because do offsetting at these points cannot be separated from real signals, and the SOM frequency will be offset by the servosystem by just enough to cancel out such do error voltages. Such difficulties may have accounted for the slight temperature sensitivity found in the prototypes (see Section 6). The other main difficulty in the electronics was the fairly frequent occurrence of substantial noise pick-up in the 150-m-long cables from om the sensor and amplifier units to the control electronics unit. This extra noise made the short term stability of the NLM's considerably worse than it should have been. The other parts of the control electronics units are the lamp power supplies and the heater power control circuit. Each lamp took 25 mA do at 160 volts plus 150 mA at 12 volts of a nominal 1000 Hz square-wave filament current, with two lamps in each NLM, the lamp dissipation was about 12 watts. The heater power supply provided up to roughly 50 watts of approximately 500 Hz square-wave current.
The proportional control circuit for controlling the heater power used a thermistor placed in the sensor unit just above the NLR absorption cell as a sensor. The use of sinusoidal instead of square-wave current for both the lamp filaments and the heaters would be desirable, since it would reduce pick-up problems.
The control electronics contain a switch for disconnecting the servounit-output current from the SOM and replacing it by a manually controlled bias current from a potentiometer.
The field at the SOM sensor can be manually varied and the SOM frequency swept slowly through the pattern of the NLR-device resonance lines by turning the knob on the potentiometer.
Both amplitude and phase of the signal from the synchronous detector are displayed on a meter, and the servounit-output switch can be closed when the SOM frequency is near the center of any desired resonance line. It is easy to check that the correct line has been locked onto by seeing that the SOM frequency does not change substantially when the servounit switch is closed and by seeing that manual addition of a small SOM field from the potentiometer results in a meter offset which is cancelled by the automatic operation of the servoloop. KELLOG and MILLMAN (1946) give a modified form of the BREIT-RABI equation (1931) which expresses the energy of an atom in terms of its quantum state and gyromagnetic ratios. The difference between the expressions for the energy of two mF sublevels of Rb can be simplified to yield the following relationship between the magnetic field F and the Zeeman frequency f :
Atomic Constants for Absolute Field Measurements
The linear, quadratic, and cubic coefficients, a, b, and c, are expressed in terms of atomic constants as The following experimental values have been used as auxiliary atomic constants for substitution into the above expressions.
Proton gyromagnetic frequency
The IUGG adopted value (NELSON, 1960) 
Data Collection and Analysis
The primary output of the NLM is the Larmor frequency signal of the locked-on SOM which provides a direct, continuous measure of the magnetic field in the NLR cell. This signal is transmitted from the SOM phaseshif ting amplifier to the recording site. There, a digital frequency counter provides a visual display of the frequency and produces a BCD signal to drive a digital-to-analog converter.
The analog signal is recorded on a paper strip chart for visual checks and future scaling.
During stability tests, two independent NLM's were operated side-byside over a period of about one month in a nonmagnetic shelter at the Boulder Magnetic Observatory.
One NLM was used to produce a record of total field variations.
In addition, signals from both NLM's were mixed and their filtered difference frequency was counted and then analog recorded.
The difference frequency was also recorded by another counter coupled to a digital printer.
The sensor units of the two NLM's were located approximately half a meter apart and 2 m above the nonmagnetic cement foundation of an insulated wooden shelter. The amplifier units were on the floor of the shelter and caused some field perturbation, but care was taken not to move them during the course of the measurements.
No local power lines were closer than the remote recording building approximately 75 m north of the sensors.
All power lines and transformers for the mesa-top experimental area, including the observatory, were either buried or below the level of the mesa edge. Vehicles were allowed to approach no more than 180 m and the experimental area was kept free of any other magnetic encroachments.
The total field variations detected by NLM-1 and the difference fre-3 in per hr to provide an analog trace comparable to the standard variometer records from the Boulder Observatory.
For total field measurements a counter gate time of 1 sec was used which gave a counter resolution of This interval of recording began and ended with site power failures. An initial period of drift followed readjustment of NLM tuning after the first until conditions stabilized. A second short power failure occurred on 12 November, but no retuning was necessary to restore the NLM's to normal operation. The shorter set of data shown in Fig. 5 is from the time during which there were no adjustments to any components of the NLM's, and it was analyzed in greater detail. During the week of November 6 to 12, local magnetic field activity ranged from quiet to disturbed with a sudden storm commencement at 17:47 MST on November 6, which produced a maximum local K-index of 6. Disturbances were also experienced on November 10 and 11 although quiet days had preceded. The value of the sample standIn order to emphasize possible recurrent daily effects, the data for November 6 to 12 ( Observatory's standard pier. During this interval there were site power failures, many instances of retuning the NLM, the NLR spectral lamp was replaced, a NLR lamp bulb was changed, and the entire system was shut down for a few hours and allowed to cool. Subtraction of the rubidium from the proton results gave an effective pier location field
In order to demonstrate a given accuracy capability for Narrow Line Magnetometers, it is necessary to show that the sensitivity to all of the operating parameters and known perturbing influences is within the desired tolerance. This includes variations in the light intensity, modulation amplitude, 390 kHz amplitude, heater power, and cell temperature for the NLM. Careful checks of the magnetic properties of the materials used in constructing the NLM and of the fields from the lamps are also needed, as well as a demonstration that changes in the temperature of the electronics, power supply voltage, phase sensitive detector setting, and SOM tuning do not affect the NLM frequency. The sensor unit was designed to minimize most of the expected sources of systematic error, but it was decided to wait until an improved field-operable version has been constructed before carrying out an overall accuracy evaluation. The results given in this paper thus demonstrate the stability achieved with the prototypes over a given period of time, but do not guarantee that the accuracy of each NLM used separately would be as good.
Discussion
Self oscillating rubidium magnetometers offer a combination of sensitivity to small magnetic variations and a suitable range of response for measuring fields encountered on the earth's surface. They are usually limited by inherent principles and engineering design to levels of absolute accuracy that are not adequate for some current geomagnetic research problems. Effects of the normally used high-lamp intensity and relatively high RF intensity combine to spread the four absorption peaks arising from the different sublevel transitions into a broad, "smeared" single absorption peak. While relatively high signal-to-noise ratios can be achieved with this broad high-amplitude peak, the tuned center frequency is not an accurately reproducible function of the ambient field. The different amplitudes of the smeared narrow lines combine to produce an asymmetric form for the SOM signal peak, and their relative influence varies with changing parameters such as temperature, light intensity, RF level, and field direction. The high-light intensity can also cause shifts in the magnetic sub-levels similar to those studied by COHEN-TANNOUDJI 1961) and SCHEARER 1962) .
It has been shown that effects such as those described above combine with normal experimental conditions to reduce the absolute accuracy of SOM's for long-term observations (ALLEN, 1968) . Retuning sensor electronics, exchanging lamps or cells, and varying environmental parameters all produce changes in SOM frequency response to a given magnetic field. At all times the SOM signal appeared equally good. HASBROUCK RIKITAKE et al. (1967 reported extensive sets of observations between paired proton magnetometers and pairs of rubidium SOM's. Their records were similar to those reported by HASBROUCK (1970) . NLR-type rubidium magnetometers offer high resolution capability for absolute magnetic field measurements but, by themselves, suffer from limitations of low signal-to-noise ratio and slow response to magnetic field changes. Detailed comparisons of the NLR with other types of atomic magnetometers have been made by BENDER (1960) and by BLOOM (1962) .
When combined into the NLM sensor unit, the NLR and SUM become a single system which offers the possibility of accurate absolute total field observations limited primarily by local geomagnetic noise levels. The criticism of limited response rate for the NLR is eliminated by supplying the required resonance frequency RF from a nearby SOM which responds to natural field changes in parallel with the NLR. The NLR then only has to correct for slow drifts in the SOM. The symmetry, narrow width, and exactly known frequency-field relationship for the absorption lines of the NLR provide a solution to the problems inherent in SUM's.
Conclusions
Stability tests of a pair of independent Narrow Line Magnetometer prototypes indicate that half-hour averages of the magnetic field difference between the two instruments can be obtained with a reproducibility of
The diurnal temperature response was some two orders of magnitude lower than that observed with single cell SOM's in a gradiometer configuration.
We believe that the residual temperature sensitivity is due to poor temperature control in the sensor units or to thermal response in the electronics, and can be eliminated in future versions of the NLM. However, a possible for future instruments, if the reliability and mechanical design of the prototypes can be improved, the signal-to-noise ratio increased, and overlap effects from nearby lines avoided. The development of an improved version of the NLM for use in the field is under way.
The geomagnetism laboratory origins of the NLM project began with the research requirements of Dr. W.P. Hasbrouck and was the result of the interest of Dr. L.R. Alldredge in absolute magnetic field observations with rubidium magnetometers. Mr. D. Vance, formerly of this laboratory, designed and built the servoelectronics and helped with other aspects of the early design. Help was also provided by Mr. R.M. Brill and Mr. W. Tango from the Joint Institute for Laboratory Astrophysics. Mr. L.R. Wilson, of the Boulder Magnetic Observatory, greatly assisted with the collection of data and its evaluation. The Rb lamps used in this work were kindly loaned to us by Varian Associates.
